Abstract The Western Alps' active tectonics is characterized by ongoing widespread extension in the highest parts of the belt and transpressive/compressive tectonics along its borders. We examine these contrasting tectonic regimes using a multidisciplinary approach including seismotectonics, numerical modeling, GPS, morphotectonics, fieldwork, and brittle deformation analysis. Extension appears to be the dominant process in the present-day tectonic activity in the Western Alps, affecting its internal areas all along the arc. Shortening, in contrast, is limited to small areas located along at the outer borders of the chain. Strike-slip is observed throughout the Alpine realm and in the foreland. The stress-orientation pattern is radial for r3 in the inner, extensional zones, and for r1 in the outer, transcurrent/tranpressional ones. Extensional areas can be correlated with the parts of the belt with the thickest crust. Quantification of seismic strain in tectonically homogeneous areas shows that only 10-20% of the geodesy-documented deformation can be explained by the Alpine seismicity. We propose that, Alpine active tectonics are ruled by isostasy/buoyancy forces rather than the ongoing shortening along the Alpine Europe/Adria collision zone. This interpretation is corroborated by numerical modeling. The Neogene extensional structures in the Alps formed under increasingly brittle conditions. A synthesis of paleostress tensors for the internal parts of the West-Alpine Arc documents major orogen-parallel extension with a continuous change in r3 directions from ENE-WSW in the Simplon area, to N-S in the Vanoise area and to NNW-SSE in the Briançon area. Minor orogen-perpendicular extension increases from N to S. This second signal correlates with the present-day geodynamics as revealed by focal-plane mechanisms analysis. The orogen-parallel extension could be related to the opening of the Ligurian Sea during the Early-Middle Miocene and to compression/ rotation of the Adriatic indenter inducing lateral extrusion.
The internal arc is mainly derived from an accretionary wedge assembled in Late Cretaceous to Eocene times, when the Tethyan Ocean and distal parts of the European margin were subducted below the Adriatic margin. Rocks of the internal arc display metamorphism generally increasing toward the East, reaching UHP conditions in places (review in Frey et al. 1999) . The nappe pile of cover and basement rocks seen today is the result of a complex history of folding and thrusting during subsequent collision while the metamorphic conditions evolved from blueschist and eclogite to greenschist and amphibolite facies. The tectonic zone that best mirrors the arcuate shape of the Western Alps is the Briançonnais zone. It originally represented the NW-uplifted shoulder of the pre-oceanic rift and became later part of the European margin (Lemoine et al. 1986 ). In front of the Briançonnais zone, but limited to the northern part of the arc, the Valais zone bears witness to a narrow, short-lived ocean that probably merged with the Tethyan Ocean toward the East Stampfli 1993) . Southeast of the Briançonnais zone, the wide Piedmont zone originated from the distal European margin and from the Tethyan Ocean (Lemoine et al. 1986 ). Highly imbricated and folded cover nappes from both domains, built the Piedmontese Schistes lustrés complex. Dome-shaped inliers of continental basement nappes crop out in the Piedmont basement complexes of Monte-Rosa, Gran-Paradiso and Dora-Maira (internal crystalline massifs, ICM). Remnants of the overriding Adriatic margin are only preserved in the northern segment of the arc (Dent Blanche klippe and Sesia zone, see Dal Piaz 1999 for a review).
The external arc (Dauphiné and Helvetic zones) is an NW-to SW-verging fold-and-thrust-belt derived from the proximal part of the European margin (review in Lickorish et al. 2002) . Along the internal side of this arc, pre-Alpine European basement is massively involved in thrusting and folding. The high elevation of the external crystalline massifs (ECM) results from thrusting along deep-seated crustal-scale ramps from the Miocene onwards, and their uplift seems to have accelerated in recent times (review in Lacombe and Mouthereau 2002) . The most external parts of the arc are the Subalpine Chains. Thrusting and folding in a thin-skinned fashion involved the Mesozoic cover, detached along Triassic evaporites. Deformation started in Oligocene times and moved progressively outward, the latest, most external thrusts override Serravallian molasse sediments, both to the NW (the Jura Arc overriding the Bresse-graben) and to the SW (Digne thrust overriding the Valensole basin).
The sharp present-day boundary between the external and internal arcs results from Oligocene first-order thrusting (Tricart 1984) . A major thrust ramp, at the scale of the Alpine lithosphere, is best characterized along the ECORS-CROP deep seismic profile across the NE-SW segment of the arc (Nicolas et al. 1990 ). On geological maps, it mainly corresponds to the crustal Penninic front (CPF, front of the Valaisan or of the Subbriançonnais).
The Neogene to present evolution of the Western Alpine Arc is characterized by the change from collision to postcollisional extension (e.g., Tricart 2002, 2003; Champagnac et al. 2004 Champagnac et al. , 2006 Selverstone 2005) . In the Piedmont zone, ductile extension was replaced rapidly by brittle deformation, but in the Briançonnais zone it could have initiated directly in the brittle field. Extension in the internal arc was contemporaneous with folding and thrusting in the external arc. Decoupling between the internal and external arcs occurred along the CPF, where inversion of motion is observed in several places (e.g., Sue and Tricart 2002) . Active tectonics is characterized by extension in the highest parts of the chain . In this paper, we present an overview of these extensional processes.
Alpine neotectonics inferred from earthquake analysis and surface observations
In contrast to other Alpine orogenic belts, seismicity of the Alps is considered as low to moderate (Giardini et al. 1999) . Nevertheless, historical catalogues (e.g., Fäh et al. 2003) show that the Western Alps and their foreland have undergone large earthquakes, with MSK intensity up to IX and estimated magnitudes higher than 6 (e.g., 1356 Basel; 1855 St Niklaus; 1909 Lambesc) . In the whole belt destructive earthquakes could potentially take place, particularly in the Valais in Switzerland, the Briançonnais and Provence in France, or Piedmont in Italy; however, some areas seem to be almost free of seismic activity (Ticino area, Switzerland; Vercors range, France). The first seismotectonic studies showed a radial fan for the P-axes around the Western Alpine Arc (Ahorner et al. 1972; Fréchet 1978; Pavoni 1980a, b; Ménard 1988) . By the end of the 1990s, an extensional regime was recognized in the internal zones of the belt, but locally also in some areas situated in the external zones (Maurer et al. 1997; Baroux et al. 2001; Kastrup et al. 2004) (Fig. 2) . At first, extension was considered a local phenomenon, resulting from secondary tectonic complexities within a collisional system; however, with increasing data density extension became a first-order characteristic of Alpine neotectonics Sue and Tricart 2003; Delacou et al. 2004) . Indeed, the Western Alps reflect two contrasting tectonic regimes, with a more or less important extension in the core of the belt and localized compression in outer areas. Strike-slip movements also occur everywhere in the belt. Regional seismotectonic data from the arc of the Western and Central Alps documenting extensional tectonicsa Western Alps after Kastrup et al. (2004) . Depth of Moho in kilometers; c Provence area, after Baroux et al. (2001) . See text for details
In this part, we will analyze the relationships between Alpine structures, faulting, and seismicity and then we will focus on a synthesis of modern seismotectonic data. We used previous studies (Ménard 1988; Eva and Solarino 1998; Baroux et al. 2001; Kastrup et al. 2004) to build a database including 389 reliable focal mechanisms, which has been extensively described by Delacou et al. (2004) .
Alpine structures, faults, and seismicity
Here we identify potentially active faults recognized at the surface in order to establish the relationships between large-scale inherited crustal structures and seismicity.
The seismicity localized to the SE of the Pelvoux massif, along the southern part of the so-called Briançon-nais seismic arc, is limited to the upper crust with hypocenters not deeper than some 15 km (Rothé 1941; Sue and Tricart 2003) (Fig. 3) . The earthquakes are concentrated along and immediately to the east of the CPF, except below the Embrunais-Ubaye flysch nappe in the saddle between the two basement culminations of the Pelvoux and Argentera massifs (Ménard 1979) . In the Briançonnais zone, just east of the CPF, seismicity occurs in NNW-SSE elongated clusters, following the arcuate shape of the CPF. This seismic activity correlates with the fault network mapped at the surface, and particularly with a family of longitudinal faults described by Sue and Tricart (2003) . Three major faults observed in the field seem to be seismically active: the high-durance fault (HDF), the Serennes-Bersézio fault (SBF), and the East-Briançonnais fault (EBF) (Fig. 3) . The depth of the hypocenters and the geometry of the CPF and thus the 3D-geometry of the Briançonnais zone, suggest that the seismicity along these three active faults is restricted to the Briançonnais units; in others words, seismicity remains located above the CPF as already shown to the North along the ECORS profile (see cross-section Fig. 2 a, Sue and Tricart 2003) . Focal mechanisms indicate mainly normal faulting, with focal planes compatible with the directions of the seismic alignments. A few strike-slip mechanisms follow the longitudinal fault system with right-lateral motion, but they could also be related to left-lateral motion along transverse faults. Indeed, observations in the field confirm these senses of motion. Figure 3 illustrates the geometry and the kinematics of three active faults recognized in the field.
The high-durance fault
The seismic activity along the HDF corresponds to the western earthquake clusters on the six cross-sections of Fig. 3 a. This active fault branches on the CPF at depth Tricart 1999, 2003) . This characteristic is also recognized on a larger scale along the ECORS profile, to the North of the Briançonnais seismic arc (Fig. 2 a) . A zoom on the Briançon region (Fig. 3 c) confirms that the orientations of the seismic clusters correspond to faults belonging to the HDF system mapped at the surface. Focal mechanisms indicate normal faulting in agreement with mapped structures showing down throw to the East (Sue and Tricart 2003) .
The East-Briançonnais fault
The eastern clusters of cross-sections A2/B2, A3/B3, and A7/B7 (Fig. 3 a) correspond to the EBF. The focal mechanisms indicate normal faulting with some strike-slip component compatible with dextral motion along the EBF. On Fig. 3 c, we see that the seismic clusters are well correlated with the outcrops of the fault. This normal fault roots deeper than the HDF and SBF, possibly because of a more important transcurrent component.
The Serennes-Berse´zio fault
Cross-sections A5/B5, A8/B8 (Fig. 3 a) , and zoom Fig. 3d illustrate the SBF. It seems to affect a deeper part of the crust than the HDF. The distribution of hypocenters corresponds to the surface fault system oriented N130°. This fault works as a normal fault with a dextral component, as shown by structural data (Sue and Tricart 2003) . The relationships between the SBF and the CPF appear, however, to be more complicated. The SBF is closer to the CPF than the HDF, and it seems that it merges with the CPF at depth. We may propose two interpretations: either the seismicity of the SBF merges and follows the CPF at depth, or the SBF cuts the CPF and offsets this former thrust (Fig. 3d) . The first hypothesis would imply a direct reactivation of the CPF as a normal fault, and a quite steep geometry for the original thrust.
The Font-Sancte area, in the Queyras and High-Ubaye massifs (location on Fig. 3d) shows a well-developed fault system linked to the SBF, which controls the local and overprints the glacier-related morphology. A family of transverse faults (N50°-N80°) shows a horsetail termination, just east of the Serennes longitudinal fault (N150°, segment of the SBF, Fig. 4 ). The main transverse fault runs through the Font-Sancte peak (Fig. 4c, d ), from where it can be traced for about 15 km to the East. Other minor transverse faults develop in a fan-shape pattern South of the Font-Sancte fault, reactivating also a Jurassic extensional fault (Claudel et al. 1997) . Kinematic analysis of this fault system shows that the Serennes fault behaves mainly as a dextral and the transverse faults behave as sinistral strike-slips. The asymmetric fan-structure of the transverse Fig. 2a for location). The relationships between inherited crustal structures (rustal Penninic ront and Ivrea Body) and seismicity (Briançonnais and Piedmont arcs) are illustrated in a and b (respectively). Zooms on the Briançon (c) and Ubaye (d) areas allow to localize the seismic activity along faults recognized in the field: High-durance fault, Serennes-Bersézio fault, and East-Briançonnais fault. Square on map (d) indicates the Font-Sancte area (Fig. 4) . See text for details Examples of fault-controlled morphology: the Font-Sancte area (Southwestern Alps, see Fig. 3 for location). a Location of the major Serennes earthquake (1959 , Ml = 5.3, after Ménard 1988 . Note the correlation between focal mechanism and tectonic characteristics inferred from structural data in terms of fault orientation and fault kinematics. system reflects this tectonic configuration, the two directions working contemporaneously. Normal faulting has also been observed along these structures. This area presents several neotectonic structures such as several-hundred-meters-long counter slopes in talusscree and moraines (example Fig. 4e , stars in Fig. 4b) . Moreover, the small river in the Serennes Valley presents three topographic anomalies that could be due to recent left-lateral offsets along transverse faults (Fig. 4b) . A karst system also developed along the transverse fault system (e.g., a vertical cave 110 m deep, Fig. 4f ). The Terres Noires fault, to the South of this area is characterized by a fault scarp of several metres. It could be interpreted as an active fault or as an inherited structure, because it is located on the hinge of an anticline. However, this area is very close to the epicenter of the socalled Serennes earthquake (1959 , Ml = 5.3, MSK intensity VII-VIII, Ménard 1988 . The earthquake occurred at about 2-3 km to the South of the Font-Sancte area, but the potential error in its location is about several km (Fig. 4a) . The focal mechanism proposed by Ménard (1988) is coherent with our neotectonic analysis (rightlateral slip on a plane parallel to the Serennes fault or leftlateral slip on a plane parallel to the transverse faults). Thus, taking into account the location error, we may speculate that this quake activated one of the faults in the Font-Sancte area. Local observations show that part of the regional brittle deformation took place in Pliocene to recent times, accompanied by seismic activity.
The crustal Penninic front
In map view (Figs. 2 a, 3 a) the Briançonnais seismic arc follows the CPF, reflecting a control of this older, Oligocene, thrust on the seismicity . As shown above, active faults (HDF and SBF) branch on the CPF at depth. By projecting the focal mechanisms of the northern part of the Briançonnais seismic arc onto the ECORS profile (Fig. 2 a) we may see that extensional focal mechanisms are associated with the reflector imaging the CPF, suggesting a young extensional reactivation of this crustal structure. The CPF thus appears as a major discontinuity inherited from the compressional Alpine history that controls and localizes the active extensional deformation, seismically expressed along the Briançonnais seismic arc. Nevertheless, extensional movements are not limited to the CPF, but also affect more external areas ).
The Ivrea Body
The Piedmont seismic arc (Fig. 2a) is completely separated from all surface structures of the Western Alps, crossing geological boundaries at the southern tip of the belt; however, seismicity nicely correlates with the gravimetric and seismic-velocities anomalies associated with the Ivrea Body ( Fig. 3b ) (e.g., Bayer et al. 1989; Paul et al. 2001; . This striking spatial correlation suggests a causal relationship between seismic activity and the presence of the Ivrea mantle rocks imbricated with the middle to upper crust. Indeed, the Piedmont seismic arc follows rather perfectly the -25 mGal contour and the western side of the Ivrea Body . In contrast to the arcuate surface structures of the southernmost Western Alps, the geometry of the Ivrea Body is quite linear. Focal mechanisms exhibit mostly normal faulting, albeit with some uncertainties arising from high-velocity contrasts. The present-day tectonics of this area is not as clear as for the Briançonnais seismic arc, and some mix between normal faulting, strike-slip and may be even thrusting could occur in this sector. Nevertheless, despite these shortcomings, extensional movements seem to prevail, just as in the rest of the internal zone of the belt (Fig. 3b) .
Comparative analysis
The Briançonnais and Piedmont seismic arcs are both linked to mechanical discontinuities and crustal structures inherited from a long and complex Alpine tectonic history (CPF and Ivrea Body). Both seismic arcs currently display a similar tectonic behavior with a predominance of extension. In detail, however, there are subtle differences. The Piedmont seismic arc seems to affect a slightly deeper portion of the crust, with a maximum of activity in the 10-15 km range, the seismically active zone cutting across surface structures with a rectilinear shape. The Briançon-nais seismic arc, on the other hand, is concentrated within the topmost 10 km of the crust and follows the arcuate geometry of the belt. In order to compare the mechanical behavior of these two seismic arcs, a statistical analysis has been conducted based on the energy and space distributions . Space distributions (D-value) of both seismic arcs show similar values of 1.9 and 2.0; both present typical energetic power-law distributions, with a classical b-value of 1 for the Briançonnais arc and a significantly lower b-value of 0.7 for the Piedmont arc. After comparison with mechanical models (Amitrano et al. 1999) , these variations of energetic distributions have been interpreted in terms of ductility versus brittleness. The Briançonnais seismic arc would present a globally more brittle behavior compared to the more ductile Piedmont seismic arc. These differences could stem either from the depth distribution of seismicity, a different mode of deformation depending on rock composition (upper crustal rocks versus mantle indenter), or weakened rocks inherited from older structures.
Neotectonic synthesis
In a neotectonic low-strain area such as the Western Alps, it is quite difficult to observe clear indications of neotectonic activity because of the high erosion rates and recent glaciation. Nevertheless, three types of observations can be used to detect active faults in the Alps: the relative location of hypocenters, their alignments that follow mapped faults, and geomorphic indicators.
The relative relocation of earthquakes is a powerful method applied to seismic sequence in order to determine the geometry of active faults. It is based on cross-correlation (time or frequency) of similar seismograms (similar body waves due to similar ray-paths). This method gives the relative location of the event of a given crisis with respect to the master event, with an overall precision in the order of tens of metres (e.g., Fréchet 1985; Deichmann and Garcia-Fernandez 1992; Maurer and Deichmann 1995) . In most Alpine cases, the alignment obtained using relative relocations is coherent with one of the nodal planes of the main shock's focal mechanism. These types of relocations in the Western Alps have been compiled on the map Fig. 5 a (red symbols) after Deichmann and Garcia-Fernandez (1992) , Augliera et al. (1995) , Maurer and Deichmann (1995) , Kastrup et al. (2004) , and Delacou et al. (2005b) .
The precise analysis of seismic alignments is used in the case of rather diffuse seismic activity in a relatively small area. This method is less accurate than the relative relocation, as it only allows defining seismic alignments and fault zones rather than an active fault plane. The Wildhorn fault zone of the North-Valais area (Switzerland) is a good example of such an alignment (Maurer and Deichmann 1995) . This seismic zone represents a subvertical rightlateral fault system at least 60 km long, running in a WSW-ENE direction, sub-parallel to but some 10 km to the north of the Rhône Valley. Relative relocation studies of given seismic crises have shown that individual faults are oblique with respect to the overall direction of the seismic alignment. These faults could be interpreted as secondary Riedel shears, distributed along an en-échelon system related to a master fault. A synthesis of the seismic alignments observed in the Western Alps is also presented The classification in the inset provides a measure of the reliability of mapped faults and fault systems, with a reliability decreasing from faults identified by seismic relative location techniques (in red), neotectonic field observations (in orange), seismic alignments (in blue) to probable and possible ones (in black and dotted black). Note the occurrence of a widespread dextral fault system following the western side of the belt from the northern Valais to the front of Belledonne and the Briançonnais/Argentera areas ( Fig. 2) . See text for details. b Regionalization of deformation and stress inversion computed from the seismotectonic database of Delacou et al. (2004) . Blue represents extension, green represents strike-slip, and red represents compression, interpolated from the dip of the P and Taxes. Red and blue bars represent interpolation of P and T-axes orientations. Black and white arrows represent r1 and r3 directions calculated by stress inversion. Note the correlation of extensional areas in the core of the belt with orogen-perpendicular extension. The external domains are characterized by a transcurrent system with localized changes toward compression or extension, and by orogenperpendicular fan-shaped directions of compression on Fig. 5 a with blue symbols Thouvenot et al. 1998; Thouvenot et al. 2003) . Very few and isolated field studies in the Western Alps have allowed to identify active faults (orange symbols on Fig. 5 a compiled after Lacassin et al. 2001, and Champagnac et al. 2006) . Displaced Quaternary deposits provide circumstantial evidence for post-Würm offsets which have been correlated with regional seismicity in order to evaluate the coherency of the neotectonic indications. In all cases, it remains difficult to discriminate between active faulting and non-seismic deformation (landslides, etc.) . In a few isolated cases, however, indications such as the continuity of a given structural alignment, the compatibility with the stress/strain fields, and occurrence of colluvial wedges , allow to propose a tectonic origin for Quaternary structures.
In our map (Fig. 5 a) , these seismotectonic and neotectonic data have been complemented by faults recognized in the field but not proved to be active. The latter are qualified as ''probable faults'' (continuous symbols) if they are well integrated in the regional stress/strain fields, and ''possible faults'' if they occur in an area of ill-defined seismotectonic regime. Our neotectonic map also includes the stress axes computed from the inversion of focal mechanisms (see hereafter).
Current strain and stress fields inferred from seismotectonics
In this part, we will analyze the Alpine seismicity from a general viewpoint, on the basis of a large-scale focal mechanism synthesis built by Delacou et al. (2004) . Figure 2 groups the main maps used in this compilation. The aim of this part is no longer to identify active structures, but to characterize the current stress-and-strain fields around the bend of the Western and Central Alps. Our database contains 389 reliable and carefully checked focal mechanisms. The local magnitudes (Ml) are in the (0.7-6.0) range for events recorded between 1969 and 2000.
Regionalization of the deformation
We used our database primarily to constrain the current state of deformation in the belt and to map the stress field. A scalar parameter has been assigned to each focal mechanism following the dip of the P and T-axes (see Delacou et al. 2004 for details, Sect. ''Discussion'', and critical review of the method). This scalar parameter was then interpolated, in order to draw a map of the state of deformation covering the entire Western and Central Alps (Fig. 5b) . Despite the limitations and artefacts of this approach, this large-scale regionalization allows the recognition of homogeneous zones in terms of deformation state.
The most important characteristic is a continuous zone of extension in the internal zones of the chain, all along the belt from the Southern Valais to the north of the Argentera massif (Fig. 5b ). This zone of extension might well extend even further to the east into the Grisons area, but its continuity in the western areas is not documented across the Lepontine dome, which lacks seismicity. The second main characteristic is the existence of small discontinuous areas with a compressive/transpressive regime localized along the outer borders of the Alpine chain. Compression occurs in the Eastern Helvetic domain, in front of the Belledonne massif, in front of the Digne nappe and in the Western Po plain. In terms of trajectory fields of P and T-axes, our map confirms the radial fan-shaped distribution of T-axes in the internal zones (orogen-perpendicular extension), and of Paxes in the outermost zones (Fréchet 1978; Pavoni 1980b; Ménard 1988 ).
Stress inversion
The second level of analysis performed on the basis of our focal mechanism synthesis was the inversion of the current stress field ). Here, we summarize some of the main characteristics of this stress field, which then will be interpreted in terms of Alpine dynamics. For the discussion of the various inversion methods we refer to Delacou et al. (2004) . Delacou's inversion is based on a selection of homogeneous zones, characterized by a uniform type of deformation in terms of regionalization, and integrating the information obtained from the P/T-axes orientations. The resulting stress field is shown in Fig. 5b . Our results are consistent with previous regional studies (e.g., Maurer et al. 1997; Baroux et al. 2001; Kastrup et al. 2004 ).
In the internal zones, an orogen-perpendicular extensional stress field is continuous all along the inner arc of the belt. It is systematically found at a high angle to the CPF. The r3 direction changes from almost N-S in the South Valais, to E-W in the Central Briançonnais area, and NE-SW in the southern part of the Briançonnais. This radial extension characterizes also the Piedmont seismic arc. The external zones are characterized by contrasting states of stress, with the three possible tectonic modes: strike-slip, extension, and compression. Strike-slip dominates the lateral variations of the tectonic mode toward extension (transtension) or compression (transpression). Principal stress directions are coherent along the external zones, rotating progressively and defining a radial fan pattern of r1, which is perpendicular to the belt, from a NNW-SSE direction in Northern Switzerland to NW-SE in front of Belledonne and SW-NE in front of the Digne nappe. In the foreland of the Alps, the Rhine graben system is in a state of transtensive stress that continuously extends southeast-wards into the Eastern Jura. The Ligurian margin presents a compressive stress state, with r1 oriented NW-SE perpendicular to the extensional structures of the Oligocene Ligurian opening (Béthoux et al. 1992) . To sum up, the current stress field around the bend of the Western and Central Alps is characterized by a generalized and continuous orogen-perpendicular extension in the core of the belt, contrasting with localized zones of transpression at its outer limits.
GPS data and seismotectonics
The determination of GPS-related strain rates based on a synthetic database, harmonized by Nocquet and Calais (2003) , takes into account measurements from permanent stations (ITRF2000, RGP, REGAL, EUREF-EPN) and temporary stations (RRF 1993 , Jura 2000 , Rhin 1999 , Alpes 1993 -1998 . It clearly shows a good agreement with the overall seismotectonic regionalization described earlier. Extension characterizing the high chain is welldocumented in GPS strain maps, with almost the same geographical distribution (where the density of GPS data is sufficient) and the same directions of extension. Moreover, in the external domains, seismotectonically compressive areas along the northern front of the Belledonne massif, the Provence area and the border of the Po plain are also well imaged by GPS data. Our study therefore strengthens the qualitative analysis of seismotectonic deformation and provides further quantitative information about strain rates. For extensional areas, maximum values of stretching reach 3-6 · 10 -08 /year, whereas for compressional areas, maximum values of contraction reach -4 to -6 · 10 -08 /year. These maxima, corresponding to strain rates of about 1-3 mm/year with respect to a 50-km baseline, are compatible with local previous studies (Martinod et al. 1996; Sue et al. 2000; Martinod et al. 2001 ) that yielded strain rates of about 2 mm/year for E-W oriented extension in the Brianconnais area (Sue et al. 2000) , and 3-5 mm/year for compression/strike-slip deformation in the front of the Belledonne massif (Martinod et al. 1996 (Martinod et al. , 2001 . At a larger scale, 0.5 mm/year of extension have been observed between Lyon and Torino (Calais et al. 2002; Nocquet and Calais 2003) . Seismic strain quantification shows a good qualitative coherency between the strain field as measured by GPS in terms of the mode and direction of deformation. In terms of absolute values, a maximum of 10-20% of the deformations measured by GPS can be explained by the current seismicity . This important discrepancy between seismic strain and geodetic strain remains to be explained. The following are the possible reasons : an important contribution of aseismic deformation within the Alps, interpreted in terms of elastic loading, creeping, and/or ductile deformation (Fig. 6 ).
Relationship between crustal thickness and mode of deformation
We used a digital elevation model (DEM; smoothed with a 50-km bin) as a proxy for the topographic load of the Alps. This smoothed topography shows a very good correlation with crustal thickness and documents the largescale relationship between average topography and deformation mode (Fig. 7) . Maxima in average topography exist in Eastern Switzerland, in the Valais and in the Vanoise areas, whereas more localized and isolated high mountains in the external zones, such as the Mont-Blanc massif, almost disappear in the 50-km bin smoothing. Except for the Ivrea Body, negative Bouguer anomalies in the Alps (Masson et al. 1999 ) are closely correlated with zones of increased crustal thickness reflected by the Moho depth contours (Waldhauser et al. 1998) (Fig. 7) . In order to visualize the relationship between deformation and topography, the map of the regionalized deformation was draped over the smoothed Alpine topography. In this 3D-image, the high chain (the convex crestline of the Alps) appears to match very closely the areas undergoing extension ). Moreover, transpression nicely coincides with the negative (concave) curvature at the transition between the Alps and their foreland. In summary, a close correlation exists between extensional tectonics and the zones of increased crustal thicknesses, the so-called ''high chain''.
Numerical modeling
The close correlation between areas of increased crustal thickness and the generalized extensional tectonics leads to propose a geodynamic model where the current Alpine tectonic regime is to a large part controlled by gravitational body forces. Gravitational potential anomalies (GPA) driven by lateral variations in crustal thickness between internal and external zones could induce extension in high internal zones. In response to this extension, external areas would undergo compression in an attempt to equilibrate crustal thicknesses. Such a tectonic model could well explain the radial extensional stress axes in high-elevation areas in the core of the belt as well as the radial compressive stress axes in low-elevation areas along its borders. In the following, we test this intuitive interpretation using two different approaches.
2.5D thin-shell finite element modeling
The 2.5D thin-shell finite element code SHELLS (Kong and Bird 1995; Bird 1999) solves stress equilibria and conservation of mass with presumed rheologies and densities. Models are built for a given 3D structure of topography and crust/lithosphere thickness. SHELLS solves the momentum equation in a vertically integrated form (2D approximation), corresponding to a ''2.5D finite element method''. This thin-shell approximation only allows solving the horizontal components of the momentum equation (the vertical component is replaced by the isostatic approximation), and no vertical shear traction is considered on vertical planes (i.e., flexural strength is ignored, elastic thickness is zero). The rheologies are modeled as anelastic, with thermally activated nonlinear dislocation creep in the lower crust and mantle and a Mohr-Coulomb frictional plasticity in the shallow parts of crust and upper mantle. Both a given initial surface heat flow and the assumption of steady state thermal conduction are used to compute the 3D temperature with constant but distinct heat production and conductivities for crust and mantle. Our models include 295 cells used in the finite element technique and has been described in detail by Delacou et al. (2005a) . The boundaries of the models are designed to imitate the limits of the Western/Central Alps. At the eastern limit of the model, an arbitrary N-S running boundary has been fixed, with free tangential sliding behavior, limiting our study area to the Western/ Central Alps (Fig. 8) . To infer a realistic 3D crustal structure, we used a Moho geometry interpreted from wide-angle seismic experiments (Waldhauser et al. 1998) . This results in a complex 3D-geometry, in which the highest topography is not directly overlying the crustal root.
The calculated stress field is characterized by radial fanshaped extension in the regions of high topography and by radial fan-shaped compression in external zones. This pattern corresponds to GPA equilibration between regions of positive GPA in the inner areas and regions of ''normal'' GPA in external zones. This configuration leads to an extensional state of stress in the core of the belt, which tends to reduce overthickened crustal material, and in a compressive stress state in external regions in response to the extension of the inner areas. Our 2.5D numerical modeling, strengthened by the correlations with large-scale seismotectonic analysis, underlines the major role of body forces (GPA balance) in the current stress field of the Western Alpine Arc, and raises the issue of the still ongoing Europe/Africa convergence in Alpine geodynamics. The N-to NW-ward convergence, with an estimated 3-8 mm/year (e.g., Nocquet and Calais 2004) at the longitude of the Alps, could be accommodated in different areas between Europe and Africa, such as the Maghrebian belts, the Apennines, the Dinarides, and the Calabrian subduction. Our study suggests that no convergence is needed to explain the observed stress field of the Western/Central Alps, as it is mostly controlled by internal body forces.
2D crustal cross-section finite element modeling
The role of buoyancy forces in the Alps has been examined with another finite element code applied to the ECORS profile on a crustal scale. The ADELI 2D-code (Hassani and Chéry 1996; Hassani et al. 1997 ) has been chosen, because it is able to model more complex and realistic rheologies: elastic (Byerlee 1978) , elasto-plastic, viscoplastic, and viscous (Kirby and Kronenberg 1987) . Our model involves a crustal section along the ECORS seismic profile, which has been gridded using about 7,000 elements (Fig. 9 a) . The model has been built taking into account several interpretations of this section (Bayer et al. 1989; Nicolas et al. 1990; Roure et al. 1996; Burov et al. 1999; Schmid et al. 2004) . The cross-section has been simplified in order to allow computing with the ADELI code. To satisfy the quasi-static condition implied by this code, the model has been built with a realistic crustal root below the topography. A major issue has been to equilibrate the dense Ivrea Body (d = 3.1; mantle material). The disequilibrium induced by the very high level of the Ivrea Body, imbricated within the upper crust, is compensated to some degree by the presence of low-density sediments (d = 2.4) in the overlying Po plain. The rheological parameters have been fixed using laboratory experiments of deformation (Kirby and Kronenberg 1987; Cloetingh and Burov 1996) as well as comparison with other tectonic numerical models (e.g., Chéry et al. 1990; Hassani and Chéry 1996; Burov et al. 1999; Cattin and Avouac 2000) . The analyses of the different models tested show that modifications of these parameters within realistic ranges do not alter the major patterns of the stress/strain states.
The boundary conditions used in our modeling are the following: (1) An isostatic compensation surface located at 100 km depth within the mantle, without normal displacement, and with free tangential displacement. (2) A western surface without normal displacement, and with free tangential displacements. (3) An eastern surface with free tangential displacements and with a variable normal velocity. On this surface, we alternatively modeled fixed, compressive, and extensive boundary conditions. The temperatures used in this thermo-mechanical modeling are: 285°K at the upper surface and 1,473°K at the base of the model. The strain state J1 (e) is visualized using a color code, with blue for extension and red for compression, while the stress Dev (r) is represented by arrows.
Fixed boundary conditions
The normal velocity at the eastern surface is fixed to zero, with free tangential movements (as for the western boundary), and the evolution of the model is only due to gravitational potential adjustments. We observe an extensional area in the upper and lower crust below the overthickened zone (topographic crestline), with a maximum intensity of strain/stress of about J1 (e) = 1 · 10 4 and Dev (r) = 3 · 10 7 Pa at the base of the upper crust. Compres- There is a complex zone at the apex of the Ivrea Body. This complexity is caused by the isostatic adjustment between bodies of very different density. Given the simplicity of the geometric model, the results could be viewed as an artifact and we do not discuss its significance hereafter (Fig. 9b) . 
Convergent boundary condition
We fixed the normal velocity on the eastern boundary to 1 mm/year toward the West. The obtained strain/stress states are convergent everywhere in the model. The maximum convergence rates are obtained in the convergent area of the first model [J1 (e) = -3.1 · 10 4 and Dev (r) = 8.3 · 10
7 Pa]. The extensional part of deformation seen in the first model has disappeared and replaced by very small velocities of convergence (of about 0.03 mm/ year); but overall, the qualitative state of strain/stress remains similar to the first model (Fig. 9c) .
Divergent boundary conditions
We fixed the normal velocity on the eastern boundary to 1 mm/year toward the East (''lateral extrusion''). The obtained strain/stress states are now generally extensional in the entire model, except within the topmost 2 km, where a thin band of compressive stresses appears. This is an artIfact of flexural rigidity. The maximal divergent rates [J1 (e) = 4.3 ± 10 4 and Dev (r) = 8.3 ± 10 7 Pa] are obtained within steeply dipping shear bands (concentrated deformation). For smaller divergent velocities (of about 0.03 mm/year) we obtained an overall qualitative state of strain/stress similar to the first one, but dominated by extension (Fig. 9d) .
Comparison with the seismotectonic regime
On a seismotectonic cross-section along the ECORS profile, the core of the belt is in a state of extensional deformation, affecting all of the upper crust below the crest line of the Alps, whereas the outer boundaries of the belt (forelands) are characterized by a moderate compressive regime, localized at the transition from high to low topography. This seismotectonic regime is best matched by the first model, with fixed boundary conditions, and GPA readjustments in the Alpine root. According to this model, buoyancy forces are sufficient to explain a major part of the active Alpine tectonics. Indeed, as soon as we introduce a small velocity due to plate tectonics, the contrast between the different tectonic regimes (extension versus compression) is lost.
Brittle Neogene tectonics

Morphotectonics and faulting
Landscape is the result of the interaction between tectonics, climate, and lithologies (e.g., Molnar and England 1990 ; Extensional boundary conditions. The contrasted seismotectonic configuration is well-modelled only by B (with extension in the core of the chain accompanied by compression in the external zones, see Fig. 5b ) while a complex zone is found beneath the Ivrea body (due to its unstable isostatic position), with two bands of extension and compression. See text for details Molnar et al. 1993; Whipple et al. 1999 Here, we present an example of such a morphotectonic evolution from the Valais area. The present-day orientation of extension in the South Valais is almost N-S. It is different from the past mean r3 axes determined by paleostress inversion, which is ENE-WSW oriented ). Figure 10 is an example of such a large fault, close to the ''Pas de Chèvres'' in the South Valais. The fault plane is oriented N170°/55°, with normal, down-dip striations in a thin veneer of hematite coating. The satellite image (IRS-1C, 3.5 m pixel size) displays this fault plane, which appears as a triangular facet with a 200-m long base (Fig. 10c, d ). The topographic profile (Swisstopo DEM, 25 m pixel size) constrains the size and geometry of the fault plane: its vertical extension is almost 80 m, with a 50°dip. Small passes (spaced 200 m) in the northern part of the profile could be related to three other faults of comparable size and orientation.
The most remarkable geomorphic feature in the South Valais is the expression of the Rhône fault zone (RFZ). Although seismotectonic studies (Deichmann and GarciaFernandez 1992) show that the active Rawil fault zone is located several kilometres to the north, geomorphic features suggest a recent activity South of the Rhône valley: reverse slopes and flat areas can be followed along the Rhône valley for several tens of kilometres (especially between Sion and Sierre). A composite image, made with IRS-1C image (3.5 m pixel size) draped onto Swisstopo DEM provides a 2.5D view of this structure (Fig. 11 a) . A kinematic analysis shows both normal and dextral components. Topographic profiles along crest lines show at least one reverse slope, related to lineaments running along the Rhône valley (Fig. 11b) . The thickness of the associated fault gouge (Fig. 11c) as well as the ruptures in the slopes, are interpreted as the geomorphic expression of a quaternary long-lived normal and dextral RFZ. This geomorphic signature suggests an important displacement along this fault system, active up to recent times. The normal component along high angle, south-dipping faults would be responsible for topographic anomalies such as the observed counter slopes.
For a complete analysis of the fault system in the Southern Valais, a map based on the alignment of (Fig. 12b) . In many places, the faults were verified by fieldwork (Bistacchi et al. 2001; Champagnac et al. 2003) . The map was manually drawn, with neither automatic detection nor extrapolation, and shows about 500 faults varying from 400 m to 10 km long. Three directions were detected at this scale (inset in Fig. 12b) .
The main direction is NE-SW, and is related to the RFZ (Champagnac et al. 2003 , with normal and dextral movements under the current stress field. This direction is poorly expressed at the outcrop scale, but its geomorphic expression is striking, especially close to the Rhône valley. Four similar fault strands (ca 10 km spacing) run further south (Fig. 12b) . The E-W direction is also related to the RFZ; it could also be related to the Aosta Fault System to the South (Bistacchi et al. 2001) and to the Insubric Line (Schmid et al. 1987) . Kinematic analyses indicate mainly dextral movements, with a normal component. The NW-SE direction is less important at this scale. It is, however, the most strongly expressed direction for outcrop-scale faults. It is clearly related to normal faulting with a sinistral component. The two first families are compatible with the current stress field and with previous studies (cf . Burkhard 1988) , whereas the third one is mostly related to outcropscale faults and the associated stress field (Champagnac et al. 2003) . The NW-SE direction is similar to the main river directions; deep incisions of their valleys (locally up to 2,000-3,000 m) suggest that the related faults are old; they record extension related to the Simplon fault and the Neogene stress field.
Orogen-parallel versus orogen-perpendicular extension
We present in this section a synthesis of the brittle deformation analyses conducted over the last decade within the bend of the Western and Central Alps. Paleostress fields have been computed using the direct inversion method of Angelier (1990) . There is an ongoing debate about the significance of such inversions and the associated terminology of stress versus strain (e.g., Marrett and Peacock 1999) . Regardless of this somewhat semantic issue, we deal with the reconstruction of the stress state acting within the belt since Early Miocene times. A series of regional analyses has been incorporated into our large-scale synthesis (Champagnac et al. 2003 Grosjean et al. 2004 ). This provides a large and rather homogenous database (312 paleostress tensors) covering the entire arc of the inner Western and Central Alps, corresponding to a surface of some 10,000 km 2 (average density of 3 tensors/100 km 2 ).
We refer to Champagnac et al. (2006) for the parameters of these paleostress tensors. Faulting systematically overprints ductile compressional structures (folds, nappe piles, schistosities). Thus, this brittle deformation has been qualified as ''late Alpine faulting'', reflecting Mio-Pliocene tectonics (Fig. 13) . The most frequently observed brittle deformation structures in the inner Western Alps are extensional faults (Fig. 14 a) . More than 7,000 individual meso-scale normal faults have been measured all around the Alpine Arc. We also measured about 1,000 transcurrent faults, which ap- pear to be closely linked to the extensional ones, as discussed below. Figure 13 presents examples of such normal faults, and related meso-scale and large-scale structures. Numerous other examples of such extensional and transcurrent late Alpine structures have been published in the Western and Central Alps (e.g., Tricart 2002, 2003; Champagnac et al. 2003 Champagnac et al. , 2004 Grosjean et al. 2004) . At first sight, the overall pattern of the r3 axes (Fig. 14b) corresponds to a striking orogen-parallel extension, which is very stable all along the Alpine Arc from the Simplon to the Ubaye area. A continuous change in r3 direction is documented from N065°in the Simplon and Valais areas, to N-S in the Vanoise area and to NNW-SSE in the Briançon area. The dispersion of the r3 axes is very small in the Simplon area, probably because of a strong kinematic control by the major Simplon fault zone. The dispersion of r3 axes is increasing southwestward, but the direction of extension parallel to the orogen remains well constrained. Another striking characteristic is the increasing number of orogenperpendicular r3 axes from the North to the South (Fig. 14c) . This orogen-perpendicular extensional stress pattern appears as a second-order signal. It could be associated to a second phase of late extension in the Alps. In the Briançonnais area, the reactivation of the crustal Penninic thrust as an extensional detachment (see above) seems to be at the origin of the E-W to NE-SW oriented r3. It is similar to the present-day stress field inferred from seismotectonics, which suggests that the orogen-perpendicular extensional stress field was established after the orogenparallel one.
Beyond the widely developed parallel extension and the current perpendicular extension presented above, part of the extension documented in the Western Alps corresponds to early normal faulting, perpendicular or oblique to the belt and often developed at the brittle-ductile boundary (e.g., Rolland et al. 2000) . These early extensional structures could be linked to the relative uplift of the ICM. The Fig. 13 Relative chronologies observed in the field. a Metric E-W trending normal faults cutting across strongly folded amphibolites (Valpelline, Val D'Aosta) reflecting NE-SW extension (blue axis). b Striated faults used in our paleostress analysis. Polyphase faulting is reflected by cross-cutting faults and superposed striae (MontCenis, Haute Maurienne). A detailed analysis of this area reveals a first NNE-SSW extension, then a strike-slip regime with r3 oriented E-W. Such strike-slip movements are often observed together with typical normal fault geometries Fig. 14 Synthetic paleostress map covering the western internal Alpine belt (from Champagnac et al. 2006 ). More than 300 paleostress tensors are represented, corresponding to about 6,000 fault measurements. a r3 directions of extensional (black arrows) and strike-slip (white arrows) tensors. The background color shows the tectonic regime derived from the calculated tensors (same colors as in Fig. 4) , which is mainly extensional (blue). b Major directions of extension oriented in an orogen-parallel direction with respect to the Alpine arc (Mio-Pliocene). c Minor directions of extension oriented in an orogen-perpendicular direction (Pliocene-recent, compare with Fig. 4) . See text for details exhumation of the ECM may also have led to similar early extension, in particular close to the CPF (Cannic et al. 1999; Seward and Mancktelow 1994) .
Transcurrent versus extensional tectonics
On average, the percentage of transcurrent versus extensive paleostress tensors is around 25% versus 75%. Accordingly, the transcurrent stress field appears to be less recorded by brittle deformation, superimposed on a first-order extensional regime. In order to represent the relative importance of the transcurrent versus extensional brittle tectonics within the internal Western Alps, we calculated a scalar variable r depending on the plunges of the r1 and r3 axes. The interpolation of this parameter allows drawing a regionalized map of the deformation (background Fig. 14 a) . This map displays a predominance of an extensional state of paleostresses (blue). Strike-slip (green) is observed in some places, especially in the westernmost part of the studied area, and on the eastern side of the Mont-Blanc massif. This zone of transcurrent deformation separates the Alpine Arc into two extensional areas, the Simplon/Valais areas to the North, and the Vanoise/Briançon area to the South.
The relative chronology between extension and strikeslip is well established at many sites. Extensional deformation is regionally older than the transcurrent one in the southern part of the belt from the Ubaye massif to the North-Vanoise area. In contrast, extension appears to be younger than strike-slip in the Valais area. These two sectors are separated by the Aosta valley, where transcurrent tectonics dominates. This observation raises the issue of the specific role of this area in the late evolution of the belt.
A statistical analysis of r3 directions performed all around the belt by Champagnac et al. (2006) revealed a remarkable stability in the region r3 directions both for the extensional and transcurrent paleostress fields. The r3 direction remains stable in the whole belt, even when extension turns into strike-slip and vice versa. Accordingly, we suggest that the temporal switching between r1 and r2 axes took place during a single overall extensional to transtensive ''deformation phase'', with only local instabilities in space and time modifying the specific stress field (Champagnac et al. 2006) . Such permutations of stress axes could also be induced by rock heterogeneities and anisotropies (Hu and Angelier 2004) .
Timing of brittle deformation
Direct dating of brittle deformation remains difficult and there are virtually no data available for the Western Alps. Nevertheless, relative dating with respect to Alphine compressive structures allows to better constrain the age of faulting within the Alpine Arc. Late Alpine faults postdate Alpine metamorphism and related ductile deformation (Fig. 13) . We assume brittle extension to start near the ductile-brittle transition at around 300°C at a depth of ca 10 km (Scholtz 1990; Guéguen and Palciauskas 1992; Sibson 2003) . Thus, the brittle structures observed were formed in the uppermost 10 km of the Alpine crust. The observation of very slick planes and the presence of thick layers of fault gouges suggest brittle deformation within the topmost 4 km of crust, at temperatures below ca 120°C (Scholtz 1998; Sibson 2003) . The very complex exhumation processes in the Alps, the lithological variations and the various strain rates do not allow to give an approximate age for specific locations of the ductile-brittle transition in the belt. Nevertheless, according to Malusa et al. (2005) , such a transition should have occurred as early as in late Oligocene to early Miocene times in the internal Alps. To summarize, late Alpine faulting exhibits two directions of extension. The dominant extension direction is orogenparallel throughout the Neogene. The present-day regime of orogen-perpendicular extension seems to have been initiated only in relatively recent times.
Geodynamic interpretations
Extensional tectonics is described from numerous mountain ranges (e.g., Ménard and Molnar 1988; England and Houseman 1989) . Geodynamic models of post-or synorogenic extension examine the complex interplay between intrinsic body forces (buoyancy) and extrinsic boundary forces (plate tectonics). The temporal evolution of the delicate equilibrium between these forces is held responsible for the dynamic and kinematic evolution of orogens, including extensional processes. In the Alps, we established two extensional phases. The first one corresponds to an orogen-parallel extension that affected the inner Alpine Arc during Neogene times. The second one, perpendicular to the belt, is still active today and may have developed from the Pliocene onward. In this section we discuss the related geodynamic models.
Orogen-parallel extension
Most of the extension observed in the inner Western Alps is oriented parallel to the strike of the belt and follows the overall bend of the Alpine Arc. This extension was taking place contemporaneously with compression, folding, and thrust propagation observed in external zones to the north, west, and southwest. This observation alone allows discarding simple post-orogenic collapse models. Many synorogenic extension models, proposed for cross-sections in a convergent context, imply an extensional direction within a 2D section parallel to the shortening one (Fleitout and Froidevaux 1982; Molnar and Lyon-Caen 1988; England and Houseman 1989; Jolivet et al. 1998) . These 2D cases do not apply to the Western Alps, where extension is taking place at a high angle to shortening, subparallel to the belt. Given the strongly curved shape of the Western Alps, extension could be seen as a 3D effect of ''outer-arcstretching'' (Burg et al. 2002) , ''vertical indentation'', or a ''transtension in an overall compressional orogen'' (Hubbard and Mancktelow 1992; Steck and Hunziker 1994) ; however, the lateral consistency of arc-parallel extension observed within the entire belt remains difficult to explain in all these models.
An alternative class of models calls for ''lateral extrusion'' of crustal or lithospheric blocks in a collisional context. Numerical modeling by Seyferth and Henk (2004) demonstrates that such lateral extrusion is to be expected during late orogenic evolution, even in cases of moderate to small crustal thickening. Regardless of the boundary conditions, all the models of Seyferth and Henk predict orogen-parallel extension in the range of 10-70% of shortening. In models with a free boundary, such as an opening basin, extrusion is facilitated and accordingly the percentage of extension is increased. This class of models goes back to the proposal made by Molnar and Tapponnier (1975) for Tibet, and has subsequently been applied to the Eastern Alps (Tapponnier 1977; Ratschbacher et al. 1989) , and Turkey (Dewey et al. 1986; Le Pichon et al. 1994) .
We propose that a similar geodynamic process ruled the large-scale orogen-parallel extension observed within the Western Alps (Fig. 15) . The Ligurian Sea, which opened during Early Miocene times, plays the role of free boundary of this system to the South. The strongly arcuate geometry of the southern tip of the belt would eventually have blocked lateral extrusion there. However, the final geometry as seen today was only acquired very lately in Alpine history. An important late modification was induced by the retreating Apenninic slab in Late Miocene to Pliocene times (Gueguen et al. 1998; Rosenbaum and Lister 2004b) . Apatite fission track data document exhumation and cooling ages of the Argentera massif and the Ligurian Alps at 11 Ma, with an acceleration at 5 Ma (Bigot-Cormier et al. 2000; Bogdanoff et al. 2000; Foeken et al. 2003) . The 11 Ma age corresponds to the transfer of extension from the Ligurian Sea to the Tyrrhenian (Kastens and Mascle 1990; Rollet et al. 2002) . In short, the Alpine geometry in Middle Miocene times is compatible with a southern free boundary (of the Ligurian Sea) in the direct prolongation of the high chain of southernmost Western Miocene: the propagation of the compressive Alpine front starts to affect the external, European domains (Helvetic zone) while the opening of the Ligurian basin to the south provides a free boundary enhancing the lateral escape of the internal areas of the belt toward the south. The main direction of extension in the internal zones is orogen-parallel. b Late Miocene to Early Pliocene: the compressive front is propagating toward the external domains, reaching the Jura Mountains and the Digne nappe system. Although opening of the Ligurian basin ceased, the southern termination of the belt still plays the role of a free boundary enhancing the lateral escape of the internal Alpine areas and the development of orogen-parallel extension. c Pliocene to present-day: the indentation of the Adria plate with Europe decreases. The role of gravitational body forces becomes predominant, and the core of the belt is now affected by orogenperpendicular extension, while the Ligurian basin now undergoes compression. The role of rotational boundary forces, in all sketches, is indicated by a green, curved arrow in the Po plain area. The rotation of Adria induced, particularly in recent times, the evolution of a dextral fault system along the western border of the belt Alps. One of the most important objections often raised against an ''extrusion model'' for the Western Alps, is the lack of any major left-lateral fault system along the eastern boundary of the system; a dextral strike-slip system, however, has been described above. This leads to a third class of models, which invokes the counterclockwise rotation of the Adriatic plate (Fig. 15) , with a pivot close to the center of the Western Alpine Arc, i.e., within the Western Po plain (e.g., Laubscher 1991). Hubbard and Mancktelow (1992) were the first to propose lateral extrusion in association with major SW extension observed at the Simplon fault, and strike-slip along the RFZ. In their model, internal units of the Western Alps would be transferred toward the Southwest and the flysch nappes (Embrunais-Ubaye). A comparable model was also discussed by Bistacchi et al. (2001) for the Aosta valley. Our own results indicate that the extensional deformations developed much further toward the South and the Southeast, and we therefore propose a semi-rigid block bounded by the Simplon normal fault to the Northeast, the Rhône and the Belledonne-Mont-Blanc right-lateral faults to the North and the West, and the equivalent right-lateral high-durance-SBF system to the Southwest. The eastern limit of this internal extruding block still remains undefined. This model allows explaining most part of our observations and fits quite well with the overall Alpine context during Miocene times.
Ongoing orogen-perpendicular extension
There is a close correlation between the tectonic mode of active deformation and crustal thickness. Extension is located at the apex of overthickened crust, all along the crest line of the Western and Central Alps, whereas compressional deformation is limited to a few areas along the outer borders of Alpine relief. To explain this tectonic contrast, we propose a geodynamic model dominated by buoyancy forces within the Alps including the root of the belt. In this model, active extension is explained as an effect of isostatic re-equilibration of crustal volumes. The high chain (crustal thickness up to 50 km) tends to collapse with respect to the West-Alpine foreland and the Po plain (crustal thickness of around 30 km). Basically, this post-orogenic regime would result from the reorganization of the gravitational potential within the Alpine belt. A counterclockwise rotation of the Adriatic plate could locally induce a reorientation of stress/strain axes and explain the predominance of right-lateral motions observed all around the western side of the belt. This model has been tested using numerical modeling (see above), which showed that the observed tectonics is best matched by fixed boundary conditions without any external forces applied. GPS surveys and seismic strains confirm the absence of significant movements across the Western Alps. In summary, we propose a post-collision model for the present state of the Western and Central Alps mainly controlled by body forces in the Alpine root.
Many details remain to be quantified, however. Significant present-day uplift rates (up to 1.5 mm/year) are documented for the internal Swiss Alps (with respect to the immediate foreland). Areas with high uplift rates seem to correlate with the seismically most active extensional zones, both in the South Valais and Grisons (Gubler et al. 1981; Kahle et al. 1997 ). In our model, this correlation between high chain (thick crust), extension, and uplift is explained by isostatic readjustments through extensional tectonics, leading in turn to uplift. However, uplift may also be induced by other processes such as high erosion rates ), post-glacial rebound, and/or lithospheric processes such as slab break-off (see below) and associated thermal effects within the mantle and lower crust.
Late Alpine tectonics and geodynamic implications
During Neogene times, Alpine tectonics was characterized by widespread orogen-parallel extension in the internal zones, coeval with the westward propagation of the compressive front in the external zones. This regime is interpreted in terms of lateral extrusion of the internal zones to the South where the Ligurian Sea was opening along the western side of the Adriatic promontory, indenting into the European plate. In contrast, recent deformation is characterized by orogen-perpendicular extension, which affects the high chain as a whole, whereas the most external zones are undergoing a right-lateral transcurrent regime, with local compressional areas. This deformation pattern is interpreted in terms of a post-collisional regime, in which convergence between the Adriatic and Europe plates had come to a halt. The present-day regime is dominated by intrinsic body forces within a still substantially overthickened crust. Rotational boundary conditions explain the importance of right-lateral strike-slip all around the Alpine Arc. These two tectonic regimes are fundamentally different; they result from the interaction in time and space of different geodynamic processes within the Alpine realm (Figs. 16, 17) . We list hereafter the main processes, which must have had an influence on the late Alpine tectonic evolution.
Boundary conditions
Convergence and collision
The collision between Adria and Europe is responsible for the formation of the Alpine belt. Tethyan subduction started in Late Cretaceous/Eocene times and resulted in overall collisional shortening of about 120 km since Oligoncene times (Schmid and Kissling 2000) . The last steps of this convergence resulted in the evolution of the Jura fold-and-thrust-belt (Sommaruga 1999) . At present, GPS measurements do not show any convergence across the Alpine Arc. An important slow-down and finally a complete halt of convergence must have taken place in the Western Alps at some ill-defined time in the Late Miocene or Pliocene.
Rotation
The counterclockwise rotation of the Adriatic plate since the Late Oligocene is a major factor in the formation of the present-day structure of the Western Alpine Arc (Gidon 1974; Ménard 1988; Vialon et al. 1989; Laubscher 1991; Schmid and Kissling 2000; Collombet et al. 2002) . At present, this rotation may be going on, albeit with a low velocity around a pole close to Milano (Anderson and Jackson 1987; Calais et al. 2002) . This rotation explains the predominance of right-lateral motion observed all around the belt. However, the size and shape of blocks taking place in this rotation and the associated kinematics are difficult to assess.
Opening of the Ligurian Sea
The opening of the Ligurian Sea with the displacement of the Corsica-Sardinia block during Early Miocene times had a strong influence on the Alpine Arc at its southern termination. It resulted in the oceanization of the basin during Middle Miocene times (Carminati et al. 1998; Rollet et al. 2002; Rosenbaum and Lister 2004a) . At present, the Ligurian Sea margin is characterized by a compressive regime, leading to the tectonic inversion of Miocene extensional structures (Béthoux et al. 1992 ).
Deep dynamics
Gravitational buoyancy forces
Post-orogenic gravitational re-equilibration may explain the recent extension in the Alpine Arc. Its dynamics are ruled by buoyancy forces within the belt, which became predominant with the decrease and halt of the convergence between European and Adriatic plates (Fig. 16) . This class of model invokes gravitational collapse and spreading of an overthickened crust to explain extension (e.g., Ménard and Molnar 1988; Molnar and Lyon-Caen 1988; Selverstone 2005) .
Slab dynamics
Slab break-off or partial slab break-off of the Tethyan lithosphere has been proposed as the driving force for thermal and extensional tectonic events in the Alps during Oligocene times (Von Blanckenburg and Davies 1995; Marchant and Stampfli 1997; Stampfli et al. 1998 ). Tomography reveals a complex slab configuration below the Alps (Lippitsch et al. 2003; Spakman and Wortel 2004) . The geometry and the dynamic evolution of the remaining Alpine slabs have a strong influence on the Alpine geometry as seen at the surface today (Lippitsch et al. 2003) . Topography and the present-day tectonic regime of the Alps are intimately linked to deeper processes such as slab retreat, cold slab-related material being replaced by warmer asthenosphere in the case of slab tear and break-off. Times scales of millions of years are to be considered in the re-equilibration of the deep thermal structure of the overthickened crust and underlying mantle.
Vertical indentation
Vertical motion of a deep indenter in a compressive context has been proposed to explain the extension observed locally at the ductile-brittle boundary in the internal Western Alps (Rolland et al. 2000; Wawrzyniec et al. 2001 ). Such a model would imply a very important decoupling between deep and shallow Alpine structures, as it would imply large-scale compression, which is not documented by geodetic measurements (see above). Such a decoupling appears unrealistic in the recent Alpine geodynamic context.
Surface processes
Erosion
A Pliocene increase in the erosion rates has been deduced on the basis of sedimentary fluxes, quantified for peri-Alpine basins and deltas Kuhlemann and Kempf 2002) . As such a tendency is observed worldwide (Zhang et al. 2000) . It seems to be driven by a global change in climate. The onset of glaciations, together with major changes in oceanic and/or atmospheric circulation patterns, would have led to an increase in erosion rates. Such an increase in erosion rates may in turn have had an important impact on the geodynamics of the Alps , as it transfers large volumes of rocks from the high chain to the periphery of the orogen and induce rock uplift by isostatic compensation (Cederbom et al. 2004 ).
Post-glacial rebound
Isostatic rebound after the retreat of Alpine glaciers some 19,000 years ago (Ivy-Ochs et al. 2004 ) has widely been discussed (Schaer and Jeanrichard 1974; Gudmundsson 1994; Persaud and Pfiffner 2004) ; however, quantification of this factor remains difficult. A sensitivity study by Gudmundsson (1994) shows that post-glacial elastic rebound might well be a significant component of the present-day vertical tilt rate of 1.5 mm/year observed between the inner Alpine valleys (Valais) and the Alpine foreland. The disappearance of the large Alpine glaciers should have provoked generalized uplift as observed in Scandinavia (e.g., Klemann and Wolf 1998; Wu et al. 1999) . Such a rebound, if still active, should induce uplift mainly in the areas of maximum ice thickness (e.g., Kelly et al. 2004 ) and may actually be integrated in a more general isostatic uplift of other origin.
Discussion
Interactions between the different geodynamic processes control the balance between intrinsic and extrinsic dynamics and explain the late tectonic evolution of the belt. Figure 17 presents a synthesis of the tectonic observations and the links with the related geodynamic engines involved in the Neogene to present evolution of the Western and Central Alps. Three main processes seem to play a fundamental role in this tectonic evolution. First, the end of the opening of the Ligurian Sea during Late Miocene times would imply a decrease in orogen-parallel extension. Second, a progressive decrease in the rate of continental collision (Europe-Adria) appears to be critical for the change of tectonic regime. Extrusion models imply convergence. The decrease of convergence rates allows buoyancy forces to develop that control the actual gravitational spreading. Third, the increase of erosion rates during Pliocene times probably corresponds to a major geodynamic modification, whatever is the origin of this erosion increase (tectonic or climatic, 'chicken or egg' problem, e.g., Molnar and England 1990) . We propose that the evolution from a tectonic regime characterized by extrusion and convergent plate conditions to a tectonic regime characterized by gravitational re-equilibration is controlled by a modification in the subtle balance between boundary forces and buoyancy forces. This transition probably took place during Pliocene times, in relation to the decrease of the plate convergence rate, and with the increase of erosion.
Conclusions
We applied a multidisciplinary approach to the analysis of neotectonic deformation around the bend of the Western and Central Alps, including seismotectonics, numerical modeling, GPS, morphotectonics, field work, and brittle deformation analysis. Our 10-year-long researches showed that late Alpine tectonics, from the Neogene onward was characterized by two distinct extensional processes. The first one is interpreted in terms of lateral extrusion of the inner Western Alpine Arc, coeval with Adria indentation, and with the propagation of the thrust front toward the most external parts of the belt. The development of this extensional phase is primarily due to the Adriatic indentation, and second to the opening of the Ligurian Sea. During the Pliocene, a modification in Alpine geodynamics, related to a decrease or a stop of the collision, and probably to a significant increase in erosion rates in the Alps, led to the development of a second extensional phase, due to body forces in the root of the belt and gravitational re-equilibration. We also characterized the overall seismotectonics of the belt, both in terms of active structures and in terms of stress/strain patterns. The major role of inherited crustal structures has been pointed out, and the synergy between the seismological approach and field observations has allowed to recognizing and characterizing active faults in the Western Alps. Our results also raise several issues, mainly concerning the deep geodynamics of the belt. New data, particularly concerning numerical modeling and the 3D-imagery of lithospheric structures would allow to better constrain these issues: the Alps are still a mysterious and emblematic mountain chain.
